Annular Bright Field (ABF) is a relatively new method of Scanning Transmission Electron Microscopy (STEM) imaging that is desirable because of its ability to provide additional visual information in terms of showing lightweight atoms, whereas standard dark field imaging does not. In order to better understand the parameters necessary to perfect this method, this research article aimed to study a specific property of this imaging method: the dependence of sample thickness on image quality and atomic resolution. Multislice calculations were utilized to generate atomic potentials that were used to simulate different thicknesses of β-Si3N4. The resulting images were then examined to measure atomic full width at half-maximum (FWHM) in order to have a quantifiable value to support visual selection of the best ABF output image. Comparison of image quality/atomic resolution and FWHM values suggested that as a general trend, as sample thickness increases, atomic resolution and image quality deteriorate, citing Huygens' Principle of Classical Optics via the propagation of spherical electron waves through a vacuum. This study will bring a new awareness to the necessary precision required by researchers' sample preparation during Annular Bright Field imaging to yield the best image of their respective samples.
Introduction
Silicon Nitride has many properties that make it desirable for use in multiple applications. A few of these properties-good resistance to oxidation and corrosive environments, high decomposition temperature and a low coefficient of thermal expansion-make Si 3 N 4 a prime candidate for use in cutting tools and engine parts, as well as medical applications such as drills and hip joints. Limited by its brittleness, however, Si 3 N 4 ( Figure 1 ) yet to reach its fullest potential as an increasingly common and dependable material.
Various microscopy-based methods are used to study Si 3 N 4 . Transmission Electron Microscopy (TEM) and Scanning Transmission Electron Microscopy (STEM) are both reasonable methods of approach. STEM, however, proves to be more advantageous, due to lower levels of electron dosing and increased control over the contrast and brightness of the image. Dark Field (HAADF) and Bright Field (BF) imaging are STEM methods that are most commonly used. In this study, we will focus on Annular Bright Field (ABF) imaging of β-Si 3 N 4 , a method of imaging that occurs via an annular detector situated around the BF detector. The advantage to using ABF rather than HAADF imaging is that image intensity in HAADF is proportional to Z 2 , which typically results in easier visualization of heavy elements in contrast to lightweight elements, whereas in ABF phase contrast imaging, lightweight elements are more easily and clearly seen. ABF's method of mass-thickness imaging provides us additional information, and therefore makes this method superior when one's samples feature such light elements as Nitrogen, as ours does. BF imaging is a less advantageous method because of its strong dependence on both thickness and defocus.
By creating different sample thicknesses and simulating their ABF image at a constant defocus, we were able to examine the effect of ABF signal change as a function of thickness at a constant defocus.
Motivation
This ABF image (Figure 2 ) taken on JEOL ARM 200F serves as motivation for this study. By generating image simulations of this structure at various thicknesses close to the thickness of the experimental image, we will be able to examine the variation in signal intensity and image quality.
Methods
Here we discuss the mathematical explanation for the multislice process, and the measures we took to simu- late those theorems, quickly and precisely with the aid of computer software.
The Mathematics Behind the Multislice Theory
In order to simulate ABF images of varying thicknesses, we utilized the Kirkland Multislice Method.
2 This STEM imaging software attempts to simulate the same methods used by STEM microscopes in the laboratory. Multislice simulation is a two-step process. Wang explains the first step as, "phase modulation of the [incident electron] wave by the projected atomic potential within the slice". This effect may be elaborated quantitatively. Wang 3 defines the effective wave vector,
where U 0 is the kinetic energy of the respective electron, and V (r) is the potential field. As a result of its derivation with the relative phase shift of the wave and ignoring relativistic effect, Wang generates the phase object approximation as the effect of the potential field
where V (b) is the projected crystal potential along the z-axis. Wang goes on to explain the second step of multislice simulation as wave propagation in the vacuum between each slice (∆ z) . Therefore, the exit wave of each slice serves as the incident wave of the next. Wang elucidates further, generating a propagation function
which takes into account an obliquity factor,
allowing us security that wave propagation occurs only in the forward direction, rather than adding amplitudes in the backward direction, thereby coming into contact with previously affected slices.
Procedure
In order to carry out the mathematics of the first step, two symmetrical, rectangular atomic potentials of β-Si 3 N 4 , each containing y-and x-axis repetitions of onehalf of the Si 3 N 4 unit cell were created from the hexagonal primitive unit cell serve as the slices of the specimen (Figure 3) . These potentials were then stacked upon each other with Kirkland Multislice software enough times to achieve a desired thickness. After propagation of electron waves through the atomic columns, the collected net exit waves are collected on the Annular Bright Field detector (Figure 4) , which yielded our output image. In the program, our parameters consisted of an acceleration voltage of 120 keV, and C s of 0.5mm. Detector geometries were set to 11 to 22 mrad. between each slice. Minuscule modifications due to elastic scattering will manifest on the detector, inhibiting image resolution. BF detectors are located centrally under the given aperture, ABF detectors are situated around them, where α is the collection angle (11-22 mrad) and β is the convergence angle (22 mrad). High-Angle ADF detectors are usually situated father away at higher angles than BF and ABF.
For incoherent Annular Dark Field imaging, defocus is solely a factor of spherical abberation and wavelength, relating the two in such a fashion as:
However, due to ABF being a method of phase contrast imaging, the aforementioned formula necessitates the utilization of Scherzer focus 2 which implements an additional operator, (2n D -0.5), to properly simulate in ABF:
With n D =1, this formula yielded a defocus value of 500Å. Although the computer software requires this differentiation of defoci, is important to note that in the era of the abberation corrector:(C s =0, therefore ∆ f ADF = ∆ f ABF ), the need to perform these types of defocus calculations is no longer prevalent.
We simulated thicknesses close to the original thickness of the experimental images: ranging from 60 to 200Å.
We then examined the images in Gatan Digital Micrograph TM by measuring FWHM of the Gaussian distribution. 4 This measurement of contrast intensity is a method of quantifying image resolution, although the values of FWHM should not be considered without viewing the corresponding image to ensure correct contrast/image quality. Desirable images will yield overall equilateral peaks, low secondary noise, and relatively small areas under the curve. Ideally, broadening of the peak and non-zero secondary peaks will be observed as thickness increases, indicating increasingly deteriorating image resolution. In experimental practice, it is important to note the fidelity of this procedure is certain only if beams are well-aligned, condenser lens' astigmatism is corrected, and all apertures are centered accurately.
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These parameters are assumed secure in our procedure because they are programmed into the software.
Caution must be taken, however, when interpreting different degrees of contrast in the output image. Because of the strong dependence on Z in Z-contrast imaging, the task of distinguishing different atoms may pose a problem. For example, three Boron (Z = 5) atoms in three different sample slices positioned directly over each other can be mistaken for Phosphorus (Z = 15). In the same manner, a contrast spot that one researcher believes to be Titanium (Z = 22) may actually be one atom of Aluminum (Z = 13) and one atom of Fluorine (Z = 9), positioned just close enough to each other on separate slices to be negatively affected by elastic diffraction of electron waves.
Results
Figure 5 displays all ABF images simulated with the computer software. Visible in the ABF images are Si and N atoms. Si atoms are, as a rule, darker than the brighter N atoms due to higher Z. At the lowest thicknesses, contrast reversal is necessary to preserve the fidelity between Z and brightness/darkness ABF contrast. The most noticeable trend is that image resolution steadily increases to a point, and then consistently begins to decrease as thicknesses increase. Figure 6 illustrates the relationship between the atomic potentials and the output image file. The Si hexagonal structures, as well as the adjacent N atoms are easily observed, although the Silicon-adjacent N atoms are somewhat blurred and elongated. Interestingly, there is a black dot that appears to be a Si atom represented in the center of the hexagonal structure, however, this result is an artifact of intensity and does not comply with the characteristics of the atomic structure. Upon closer examination of the corresponding atomic potentials, we conclude that this black dot is neither a Si nor N atom, resulting in the need for further investigation for this seemingly defective lattice structure. Figure 7 and Table 1 show the relationship between thickness, FWHM values, and contrast fidelity. Image quality and FWHM calculations suggested that image thicknesses around 140-145Å( Figure 8 ) were superior to other tested thicknesses, yet even this image exhibited the atomic artifact in the center of the structure. The FWHM probe of these two thicknesses represented the most equivalent peaks of all sample sizes measured ( Figure 9 ). Image resolution decreased in terms of atomic resolution in a linear fashion, proportional to rising FWHM values. Contrast reversal was a major issue in the thinnest specimen samples, causing them to be dismissed from the selection of the best images ( Figure  10 ).
Discussion
Issues with resolution rise from many sources. In order to understand the fundamental aspects of image resolution, thereby understanding which parameters need alteration in a less-than-optimum specimen, basic knowledge of the properties of the electron wave is essential. DeBroglie extrapolates the relation E=hν in terms of light to electrons, thereby initiating the mentality that electrons can also be treated as a wave, rather than solely representing the characteristics of a particle. Discussed in terms of space, two scalar waves traveling with a given velocity comprise an electron. The first of these waves pulses inward to the core, while the other travels out- ward. Constructive (the sum of two waves resulting in a wave with larger amplitude than either of the original) and destructive (the sum of two waves resulting in a wave with a lesser amplitude than either of the original) interference 6 of these two initial scalar waves create a standing wave, the amplitude of which can be derived using the following formula 7 :
The method of interaction of several different derived amplitudes of the standing wave is our main concern in this discussion.
Wave Theory
Electron wave theory in space is directly applicable to the vacuum between specimen slices. These results are excellent representations of Huygens' Principle of Classical Optics. We apply characteristics of this principle to electron waves as they propagate. From this and similar principles such as the Principle of Superposition, we learn that the net sum of the interacting waves equals the resulting combination, or standing, wave. Physical wave pattern theory illustrates the interaction of electrons with each other as well as the specimen.
Kirkland regards Huygens' Principle as an undesirable interaction in atomic imaging which has the possibility to create a less-than-optimum output wave function.
2 As incident electron waves transmit through a sample slice, z, spherical waves propagate through the vacuum, R, finally travelling through the plane situated below it on the z-axis, z + ∆z. In this study, atomic potentials A and B represented planes z and z + ∆z, respectively.
As propagation of these waves occur throughout R, these spherical waves interfere with one another and have the capability to generate a distorted exit wave upon the collection of these waves onto the z + ∆z plane. As one increases sample thickness in the Kirkland Multislice program, additional slices, or planes, are added, which results in additional factors of R (Figure 11 ). Additional factors of R, (R , R , R , etc.) offer an increased al -FIG. 11 lowance of propagation. The more factors of R the spherical waves are allowed to propagate through decreases image accuracy and quality, and in the realm of this study, increases FWHM values. This elastic scattering 9 of electrons within the vacuum can be cited as the major culprit for imperfections in image resolution.
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Wang also delves into the subject of wavelength attributed phase shifts. Wavelengths on the order of 0.001 nm are privy to small changes in scattering potential, which can generate relatively significant phase shifts, resulting in deviations in the expected exit wave. By including the energy of our JEOL ARM 200F microscope (200 keV) to the wavelength equation, we suggest a possible explanation as to the susceptibility of our specimen to generate erroneous contrast images:
With a wavelength this small, according to Wang's equations, it can be expected that the multislice calculations would generate a relative phase shift in the wave function, thereby creating manipulating contrast in our output image.
Electron Scattering / Diffraction
With the capability to be defined as both a blessing and a curse, electron diffraction is a fundamental property of S/TEM imaging. Electron scattering/diffraction is a necessity factor in generating an image in STEM and TEM, however it also has the ability to alter exit wave functions, thereby diminishing the accuracy of the expected image. Electrons' low mass and negative charge enable them to be easily scatterable by other electrons and nuclei. To open this discussion we will examine single-atom scattering, as illustrated by Williams and Carter. 5 While it is possible to thoroughly examine the different types of scattering, (elastic and inelastic), for FIG. 12: This figure illustrates how electron particles are scattered due to the atomic nucleus. The divergent path of the electron creates angle θ with the original path of the electron, from which we derive the angle of electron scatter which corresponds to the deviation in the exit wave from the incident electron beam, generating our output image as these scattered electron particles come into contact with the annulus.
the purposes of this essay we will attempt a more generalized approach; studying the effects holistically as they apply to exit wave functions, and thusly image contrast. After incident, or primary, electrons enter a slice at θ ∼ = 90
• with the (x,y) plane of the specimen, the incoming electrons exit at various angles beneath the slice. The manner in which these electrons come into contact with nuclei and other electrons determines the angles at which they exit; these angles determine the amount and exact placement of incoming electrons on the ABF and/or HAADF annular detector, thereby affecting contrast in our output image. Electrons coming into contact with the nucleus inside the electron cloud are attracted, and thusly, pulled at significantly larger angles (Figure 12 ) than those coming into contact with other nearby electrons. Electron-electron interactions yield low angles of diffraction, while electron-nuclei interactions yield higher angles of diffraction. Williams et al demonstrates how we may calculate respective angles of diffraction:
where [r n,e =radius of scattering field of nucleus and electron, respectively], and [Z=atomic number ]. The closer the incoming electron is to the nucleus, the larger θ dif f raction will be, which is desirable for both High-Angle Annular Dark Field imaging as well and Annular Bright Field. These large angles generated by the scattered electrons are key in directing electrons to our annular detectors. Due to coherent overlap, we may postulate that ABF will yield a better sensitivity to lighter elements than ADF imaging. Easily understandable is the effect of Z, electron velocity (v), and thickness (manifested in number of possible nuclei/electrons to perform electron diffraction at various degrees) on θ dif f , and thusly exit wave functions/resulting contrast.
Extrapolation: Experimental Specimens
Albeit the focus of this study is theoretical atomic simulation rather than experimental sample preparation, both the increasing amount of STEM methods of nanoscale imaging (herein, ABF) and the rapid rate at which this discipline is growing demand an extrapolation of theoretical and simulated work suitable for translations useful for dealing with tangible samples. It is important to note that in regards to tangible specimens, the thickness of the block sample itself, ∆ z, without being sliced into smaller planes as in the Kirkland Multislice Program, is an important factor in this propagator function, also contributing to exit wave distortion.
Normally, the use of computer imaging software secures fidelity in nano-scale imaging via mechanically computed atomic potentials with x and y axis precision down to the millionth place. The irregularities in our output images can be written off as an oversight of the program, easily understandable since the software dates back to 1998, and although Bright Field imaging is thoroughly discussed, there is no mention of Annular Bright Field imaging throughout the text. The book does discuss the decrease in electron wavelength as it travels from vacuum to specimen, however this section neglects specimen thickness, and therefore cannot be applied to our discussions. As such, we must assume that the software was not programmed (and therefore lacks the capacity) to optimally simulate ABF images to our needs. Among the numerous approximations made in Kirkland's software such as a spherically symmetrical probe, thermal vibration is not taken into account, and thusly we can assume that some image effects may be due to these crude approximations.
The anomaly in the center of the hexagonal structure as diagrammed in (Figure 6 ) serves as a warning for experimental physicists dealing with tangible, rather than electronic samples. Although we can categorize this irregular characteristic as a glitch or miscalculation in the computer program, imperfect atomic lattice positioning can create these undesirable effects. Crystalline defects occur in four major categories: point, line, area, and volume.
8 The most subtle (and most applicable to this study) of these are point defects. These one-dimensional lattice atomic deviations are capable of inhibiting the credibility of Z-contrast imaging because of the novel arrangement of atoms from their original lattice positions, falsely encouraging scientists to study erroneous atomic positioning. For example, perfect silicon through physical mishandling as well as doping level and charge state miscalculations can be physically altered to exhibit atomic deletion (vacancy), non-lattice atomic positioning usually manifested in a dumbbell shape, (interstitial), vacate and transfer to another position on the lattice thereby simultaneously creating two defects (Frenkel), and/or alien atom addition-possibly due to dopant compound (extrinsic) thereby generating additional atoms in the plane resulting in misleading contrast spots.
The theoretical application of the electron as a wave (or the summation of multiple waves), rather than simply a single spherical particle, forms the cornerstone of modern microscopic imaging. Knowledge of the manner in which these standing waves interact with each other and the ability to manipulate resulting variables accordingly are two facets crucial to ensuring an atomically secure output image. It is in this foundation which necessitates extreme accuracy throughout the procedure's entirety that the potential to cause so many problems in different types of microscopic imaging lies. As a result of this, we can conclude that both an increase in, as well as a sub-optimum amount of thickness, which manifests as either an increased number of vacuums to allow for more electron wave propagation or the sub-optimum lack of space for waves to propagate functionally, is indeed a major factor of atomic resolution contributing to exit wave inconsistencies in nano-scale specimens imaged in the Annular Bright Field 11 , deteriorating the fidelity of the atomic resolution to the actual lattice structure.
Conclusion and Future Work
As a general trend, the suggestion of this study is that with increasing sample thickness, the atomic resolution of one's image deteriorates as a result of multiple electron propagations through R. The importance of obtaining/preparing samples at angstrom-precision is conveyed throughout the entirety of this work. Future studies dealing with ABF simulations could deal with different specimens, especially regions along interfaces, to be able to examine how electrons waves interact not only through atomic columns, but to examine for any contrast errors in the vacuum as a result of thickness.
Another avenue of research would deal with physically creating samples in the lab. Theoretical work, while necessary to most scientific studies, is no substitute for experimental procedure. Computer programs are fallible, and since ABF is such a relatively new technique, there is a possibility that there may have been more factors to the image that Kirkland Multislice program may not have been programmed to calculate.
